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1. LSND and MiniBooNE Anomaly

• 3-Neutrino Mixing is well 
determined

• Still LSND & MiniBooNE 
regions remain
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1. LSND and MiniBooNE Anomaly

• A liquid scintillator detector 

• Short-baseline (30m from 
source)

• only NC events 

• Found excess signal at low 
L/E
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Figure 2
The LSND (liquid scintillator neutrino detector).

reconstructed, allowing for the determination of the energy and angle of the outgoing positron.
The νµ and ν̄µ energies were below threshold for charged-current (CC) muon production; thus,
only neutral-current (NC) events were produced. The νe in the beam produced νe +12 C →
12Ngs+e− events, where the subscript gs indicates ground state. This observation was not confused
with the IBD signal, because there was no correlated neutron capture in these events. The νe events
were used in a disappearance study, discussed in Section 5.1.

Figure 2 illustrates the LSND detector (27), which consisted of a cylindrical tank, 8.3 m long
and 5.7 m in diameter, whose center was located 29.8 m from the neutrino source. A total of 1,220
8-inch Hamamatsu photomultiplier tubes (PMTs) covered 25% of the tank surface area. The tank
was filled with 167 tons of liquid scintillator consisting of CH2 and 0.031 g liter−1 of butyl-PBD. A
typical 45-MeV electron from a CC interaction produced ∼1,500 photoelectrons, of which ∼280
were in the Cherenkov cone. PMT time and pulse-height signals were used to reconstruct the
track with an average root-mean-square position resolution of ∼14 cm, an angular resolution of
∼12◦, and an energy resolution of ∼7% at the Michel electron end point of 52.8 MeV.

The veto shield, consisting of a 15-cm-thick layer of liquid scintillator in an external tank and
a 15-cm-thick layer of lead shot in an internal tank, enclosed the detector on all sides except the
bottom (28). The active veto tagged cosmic-ray muons that stopped in the lead shot. Additional
counters were placed below the tank after the 1993 run to reduce the cosmic-ray background
entering through the bottom support structure. A veto inefficiency smaller than 10−5 was achieved
for incident charged particles, and the veto introduced a 0.76 ± 0.02 dead time.

3.2. MiniBooNE
In contrast to LSND, MiniBooNE made use of a conventional neutrino beam at Fermilab; in such
beams, protons hit a target and produce mesons that decay in flight. The Booster accelerator fed
8-GeV kinetic energy protons to a 71-cm-long beryllium target located at the upstream end of a
magnetic focusing horn. The horn pulsed with a current of 174 kA. Depending on the polarity,
the horn focused either π+ and K + or π− and K − into a 50-m decay pipe. The neutrinos or
antineutrinos produced from the meson decays could interact in the MiniBooNE detector, which
was located 541 m downstream of the beryllium target.

Figure 3 shows the neutrino fluxes for this Booster Neutrino Beam (BNB) used by MiniBooNE
for both neutrino and antineutrino modes (29). The fluxes for both modes are fairly similar in
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counters were placed below the tank after the 1993 run to reduce the cosmic-ray background
entering through the bottom support structure. A veto inefficiency smaller than 10−5 was achieved
for incident charged particles, and the veto introduced a 0.76 ± 0.02 dead time.
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In contrast to LSND, MiniBooNE made use of a conventional neutrino beam at Fermilab; in such
beams, protons hit a target and produce mesons that decay in flight. The Booster accelerator fed
8-GeV kinetic energy protons to a 71-cm-long beryllium target located at the upstream end of a
magnetic focusing horn. The horn pulsed with a current of 174 kA. Depending on the polarity,
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• A liquid scintillator detector 

• Short-baseline (30m from 
source)
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Figure 6
The LSND L/E distribution for events with Rγ > 10 passing the electron selection criteria. Modified from
Reference 7.

oscillations by measuring the rate of νe n → e− p (or ν̄e p → e+n) charged-current quasi-elastic
(CCQE) events and testing whether the measured rate was consistent with the estimated back-
ground rate. For these events, the incoming ν/ν̄ energy was approximated according to the QE
formula:

EQE
νmode/ν̄mode

=
2(M ′

n/p )Ee − [(M ′
n/p )2 + m2

e − M 2
p/n]

2[(M ′
n/p ) − Ee +

√
E2

e − m2
e cos θe ]

. 8.

Here, M n, M p , and me are the neutron, proton, and electron masses; Ee and cos θe are the energy
and angle of the outgoing electron, respectively. The adjusted neutron/proton mass is defined as
M ′

n/p = M n/p − EB, where the binding energy, EB, is 34 ± 9 MeV.
Numerous papers that were published during this period documented the oscillation analyses

with various data samples and stages of analysis. The first oscillation paper, on the neutrino mode
search, was published in 2007 (9); it showed that there was no excess of events with EQE

ν >

475 MeV, a finding that was somewhat inconsistent with the LSND result for antineutrinos.
Two years later, another report (35) revealed an unexplained excess of νe events for MiniBooNE
neutrino running below 475 MeV, prompting speculations of CP violation such as that included
in 3+2 models. At that point, MiniBooNE switched to mainly antineutrino mode running; initial
results were presented in 2009 (10) and 2010 (36). The antineutrino oscillation results for the full
data sample, which recently became available (11), show an antineutrino excess that is consistent
with the LSND signal region.

The MiniBooNE oscillation search had two main components. The first component used
analysis cuts to isolate a fairly pure sample of electron neutrino events, and the second component

www.annualreviews.org • Oscillation Searches at High ∆m2 55
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1. LSND and MiniBooNE Anomaly

• A liquid scintillator detector 

• Short-baseline (541m from 
source)

• NC / CC events 

• Found excess signal at low 
L/E

NS63CH03-Shaevitz ARI 27 September 2013 13:40

MiniBooNE detector

Signal region

Veto region

Figure 4
The MiniBooNE detector.

deal of new data related to the cross-section measurements. The targets were nucleons in the
carbon atoms and free protons associated with the hydrogen atoms. Signal identification and
background rejection relied on the measured characteristics of the observed Cherenkov rings.
As a result, the analysis proceeded quite differently in comparison to LSND. A key aspect of
MiniBooNE is that the backgrounds were very well understood and were constrained directly
from measurements in the detector, as described below.

4. APPEARANCE RESULTS FROM LSND AND MiniBooNE
Both the LSND and MiniBooNE experiments reported muon flavor–to–electron flavor appear-
ance signals. This section shows that the results of each search are individually consistent with the
two-flavor oscillation phenomenology introduced in Section 2. However, in Section 6 we show
that an extended model is required to explain the combined data sets.

4.1. LSND
LSND presented several incremental results throughout its run (4–6), and the final results were
presented in a comprehensive 2001 paper (7). In this section, we mainly review the primary
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from Reference 11.
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1. LSND and MiniBooNE Anomaly
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2. Liquid Argon TPC Principles

Why liquid argon?

• Dense (1.4 g/cm3)

• Abundant (1% of the atmosphere)

• Ionization yield of 5500 e/mm for a MIP

• Promt Scintillation (ns)

• Liquid at 87K
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2. Liquid Argon TPC Principles
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2. Liquid Argon TPC Principles
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3. The MicroBooNE Detector

• 2.5m x 2.3m x 10.2m liquid Argon TPC

• 60t fiducial volume

• 2.5m drift length

• 3 wire planes 0° ±60°

• 3mm wire pitch

• 36 8’’ Photomultipliers

• Located in the BNB at Fermilab
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• 2.5m x 2.3m x 10.2m liquid Argon TPC

• 60t fiducial volume
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3. The MicroBooNE Detector
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E-Field

• 2.5m x 2.3m x 10.2m liquid Argon TPC

• 60t fiducial volume

• 2.5m drift length

• 3 wire planes 0° ±60°

• 3mm wire pitch

• 36 8’’ Photomultipliers

• Located in the BNB at Fermilab

3. The MicroBooNE Detector
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E-FieldE-FieldE-Field

• 2.5m x 2.3m x 10.2m liquid Argon TPC

• 60t fiducial volume

• 2.5m drift length

• 3 wire planes 0° ±60°

• 3mm wire pitch

• 36 8’’ Photomultipliers

• Located in the BNB at Fermilab

3. The MicroBooNE Detector
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3. Conclusion & Outlook

• MicroBooNE will bring light into the short-baseline 
neutrino anomalies

• MicroBooNE will perform cross-section measurements

• MicroBooNE will provide valuable R&D towards kilo-ton 
scale LAr TPCs

• MicroBooNE will start data taking end of the year
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Thank You
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